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CELL MIGRATION AND INVASION are critical processes in tumor physiology and metastasis. Our understanding of the mechanisms underlying cell migration, primarily on two-dimensional (2D) substrates, has progressed a great deal in the last decade. It has become evident that the cytoskeleton and the mechanical characteristics defined by the cytoskeleton play a critical role in regulating cell migration (27, 75, 101, 136) . Recent work has sought to expand this knowledge to three-dimensional (3D) environments and highlights the importance of the interplay between the extracellular matrix (ECM) and the cytoskeleton (39, 41, 44, 59, 137) . An area that is less addressed is how cells maneuver through and interpret the inherent physical heterogeneities in the tumor microenvironment; tumor tissue contains areas of dense matrix adjacent to interstitial spaces, it has areas that are both very compliant and very stiff, and it contains fibers and pores of various sizes. To successfully metastasize, tumor cells must navigate this landscape by pushing and squeezing their way through the matrix, requiring changes in cell shape and reorganization of the cytoskeleton.
While migration is an essential step in the progression of most metastatic cancers, there are no drugs that specifically target metastasis. The lack of such drugs is likely, in part, rooted in the fact that normal cells use much of the same migration-related signaling machinery in the normal physiological process used by tumor cells during invasion and metastasis. Emerging work on scaffolding systems and proteins that regulate adhesion-mediated mechanosensing and signaling may provide new therapeutic targets of metastasis. In this review, we discuss the interplay between 3D ECM architecture within the tumor microenvironment and the cell cytoskeleton, with emphasis on mechanosensing and transformation-associated changes in signaling specific to tumor cells. 1 
Tumor ECM Architecture
The architecture of the ECM is multifaceted: it includes elements such as composition, density, macromolecule orientation, and extent of cross-linking (39) . Together, these characteristics of the ECM define the 3D fibrous scaffold to which cells can attach (112, 147) . The ECM architecture of solid tumor tissue is highly heterogeneous (45, 86, 148) in its organization and its composition, creating an intricate obstacle course for invasive cancer cells (43) . For example, ECM heterogeneities are apparent in the collagen fibrous network, where both loose and dense collagen organization can exist within the same tissue (147) . As part of the large-scale changes in ECM remodeling that occur during tumor progression, increased collagen bundling can be observed tangentially around the tumor, effectively forming a shell (116, 147, 148) . Cancer cells reorganize the tumor ECM through cell-mediated collagen bundling, as well as deposition of new ECM components such as fibronectin (39, 43) . Additionally, cells can reorganize collagen into parallel fibers radiating perpendicularly to the tumor to facilitate invasion (148) . Local degradation of ECM by matrix metalloproteinase (MMP)-mediated remodeling can also occur, resulting in formation of microtracks within the collagen matrix (45) . These microtracks may contribute to an increase in metastasis, as they provide a pathway for directed cell movements (78) .
During tumor progression, increased deposition of matrix results in a denser, stiffer stroma (18) . While collagen deposition and bundling are sufficient to increase stiffness, crosslinking reactions can further amplify changes in the mechanical properties of the ECM. Notably, increased lysyl oxidase activity in tumor cells is responsible for collagen I cross-linking, creating fibrotic regions and stiffening the tumor microenvironment (18) . The rigidity of the tumor ECM can also activate contractility pathways in cancer cells that drive a tensional imbalance, which in turn mediates tumor growth and eventual cell invasion and migration (103, 112, 114) . Stiffening of the tumor microenvironment may play an important role in the decision-making process that drives metastatic migration (18) . As such, the relationship between ECM stiffness and cell mechanical properties appears to play an important role in tumor progression.
Key Cellular Mechanical Features That Govern Cell Migration
To support migration and maintain their structural integrity, cells need the mechanically stable, yet dynamic, scaffold provided by the cytoskeleton, which is composed of actin microfilaments, microtubules (MTs), and intermediate filaments (IFs) (Fig. 1) . In addition to the cytoskeletal network, the nucleus adds an additional layer of mechanical stability, since it is significantly stiffer than the rest of the cell body (32, 57) . The tensional balance provided by the cytoskeleton and the nucleus plays a central role in the cellular response to extracellular and intracellular cues. As such, the key mechanical features of each of the cytoskeletal components provide structure and function to the cell. Indeed, all these key mechanical features are interconnected to form a mechanical continuum (90) . Therefore, the cell requires discrete control over the dynamics of these mechanical features to initiate and maintain cell motility.
Actin stress fibers have been described as a prestressed network that supports most of the intracellular cytoskeletal tension (69) . Notably, actin microfilaments provide the largest contribution to cell body stiffness when probed at adhesion sites (10, 11, 48, 67 ). Actin's contribution to cellular mechanical properties can largely be attributed to its inherent elastic features and the myosin-mediated contractility of actin fibers (10, 48, 69) . In addition, linkage of actin to the ECM via focal adhesion (FA) (48, 66) enables actin dynamics to contribute to "fast" cell processes, including cell motility and proliferation, and long-term adaptation, as in response to ECM stress. Actin filaments are organized into different structures, including actin bundles and stress fibers. They stabilize cell architecture, including formation of lamellipodia and filopodia, which play important roles in cell motility (66, 137) . Actin's rapid response to ECM stress is largely regulated through Rho GTPases (66, 67, 133) . The most well-studied Rho GTPases that regulate actin dynamics are RhoA, Rac1, and Cdc42, which regulate stress fiber, lamellipodia, and filopodia formation, respectively (66) . As such, these proteins are important for efficient cell migration (6, 134) . Interestingly, the balance between these pathways is known to affect actin-mediated cellular mechanical properties and mechanosensing (18, 66, 134) . Overall, actin participates as an internal stabilizer and a dynamic mechanical structure in cells for migration and mechanosensing.
The mechanical continuum of a cell also relies on the MT network, which provides internal structural support while contributing to the polarization and initiation of cell migration (75, 128). MTs have been described as load-bearing elements that can balance other forces in the cell (69) . Notably, large-scale disruption of MTs can have dramatic mechanical consequences on cell stiffness (10) . In fact, MTs can maintain their organization even under high compressive load (15) . MT depolymerization and inhibition of MT dynamics effectively impair cell motility (75) . Moreover, MT catastrophe occurs primarily at the rear end of the cell, while the leading edge shows a significant polarization of the MT network (75) . The formation of FAs at the leading edge of migrating cells promotes repositioning of MTs toward the leading edge (74) . FAs appear to be necessary for MT depolymerization, while MTs are required for FA disassembly and regulation (58, 74) . These behaviors suggest that MTs may play a crucial role in cell mechanosensing of 3D ECM topography. While spatial organization of MTs influences cell migration, MTs also participate in activating signaling cascades involving Rac1, which promotes formation of lamellipodia at the leading edge and subsequent actin fiber formation for migration (142) . Connections between the MT and actin network exist indirectly through the MT-stabilizing agents termed MT-associated proteins and plakin family proteins (127, 146) . MT-associated proteins stabilize MTs, but some also take part in the nucleation of actin protrusions (122) . As such, MTs are involved in maintaining cellular mechanical integrity and enabling mechanosensing, allowing for a cell to polarize in response to ECM cues as well as to initiate migration.
Within the mechanical continuum of the cell cytoskeleton, IFs exist as associated effectors of the cytoskeletal framework through connections with actin and MTs. IFs are the most diverse family of cytoskeletal components, comprising six types of filaments with expressions that are related to differentiation state (37) . All epithelial cells express several members of the keratin IF subfamily; among those, keratin 8 (K8) constitutes a hallmark of simple epithelial tissue from which the vast majority of solid tumors originate (99, 124) . The transformation process can lead to overexpression and/or loss of expression of IF proteins (73) . Notably, carcinomas often begin expressing vimentin IFs, which are normally limited to mesenchymal cells (27) . Carcinomas also often present variable expression of the lamin type V subfamily of IFs (19) .
Cytoplasmic IFs possess unique features, including an absence of polarity, a wide subcellular dispersion between the surface membrane and the nucleus, and nonlinear viscoelastic properties. In most epithelial cells, the interconnected network formed by keratins spans the cell cortex and winds around the nucleus to provide a continuous link between ECM-cell adhesions (FA and hemidesmosome), cell-cell adhesions (desmosome), and the nucleus through the linker of nucleoskeleton and cytoskeleton (LINC) complex (33, 62) . This organization is known to provide mechanical integrity to cells and tissues (31) . Vimentin and keratins provide structural integrity to cells through their plectin-mediated relationship with actin filaments and other IFs (46) . In functional terms, we know that IFs regulate tension within the mechanical infrastructure of a cell and participate in regulation of cellular processes such as cell migration (27) . Overall, IFs constitute an important modulator of cell behavior, mainly through participation of associated proteins and their interplay with MTs, actin, and the nucleus.
Finally, the nucleus remains a central part of the cell mechanical continuum, as it exists as the largest and stiffest organelle with the ability to effect cell migration through nucleocytoskeletal connections. The nuclear membrane is a highly adaptive structure, and its underlying nucleoskeleton comprises mainly lamin IFs, a viscoelastic structure that stiffens with age (120) and softens as a result of phosphorylation during cell division (49) . The morphology of the nucleus includes a dense meshwork of lamin proteins that provides the majority of the structural support to the nucleus (33), while bound heterochromatin provides a secondary mode of support (32) . The nucleoskeleton exists with direct links to the cytoplasmic cytoskeleton through the LINC complex, which connects the lamin network with actin and IFs (27, 84) . When cells are subjected to mechanical stress, the nucleus can sustain global deformation and changes in its subnuclear spatial organization, indicating that the nucleus is a mechanosensitive element within the cell (8, 90 ). While we know that the mechanosensory features of the nucleus play a role in regulating cell migration (33, 84) , the exact mechanisms are unknown. Lamin IFs and the LINC complex appear to play a central role in mediating cell motility through its intimate connections to actin and IFs (33) . As a mechanoresponsive and space-restricting organelle, the nucleus is a force mediator during migration through cytoskeletal connections via the LINC complex.
The mechanical properties of tumor cells are inherently different from those of healthy cells. Indeed, it has been consistently shown that adherent tumor cells are generally more compliant than normal cells while generating greater traction forces (56, 77, 103) . Both of these characteristics could prove critical in understanding tumor cell migration in 3D matrices with heterogeneous topographic features. On one hand, more malleable cells might be able to squeeze through an ECM with smaller pore size. On the other hand, generating greater traction forces may facilitate cell-mediated ECM reorganization and subsequent invasion. These key mechanical features of tumor cells can be linked to alterations in cytoskeleton dynamics, organization, or interconnectivity (18, 27, 77) , which in turn likely affect their mechanosensing ability and migratory behavior.
Cell Migration in 3D Confined Spaces
Given the highly heterogeneous nature of the ECM spatial organization within a solid tumor, a migrating malignant cell will encounter a variety of physical ECM structures that may facilitate or impede its movement. To overcome such migration barriers, cells can adopt different modes of migration (39, 83, 86, 104) . Furthermore, simultaneous in vivo observation of tumor cell migration and ECM architecture shows that tumor cells migrate in set patterns, depending on ECM structure (29, 50, 107, 145) . While understanding how cells migrate in a 3D environment represents only one aspect of the problem of metastasis, it is important to characterize the governing parameters of the ECM that support and affect migration.
Cell migration in a homogeneous 3D ECM. Given the well-established relationship between tumor progression and local ECM density (18) , efforts by our group and others have initially focused on this simple parameter. While epithelial tumor cells can freely migrate inside low-density gels, higherdensity collagen can impair their migration (20, 114, 150) . Similar findings hold true for other cell types, including fibro-blasts and endothelial cells (93, 97) . To make their way through denser ECM, evidence suggests that cells use MMPs to cleave the ECM and reorganize individual fibers (21, 148, 150) , or they simply squeeze through gaps in the ECM (21, 45) . In addition, increased MMP expression is frequently related to increased metastasis associated with invasion potential inside 3D Matrigel or collagen matrices (38, 40, 65, 125, 138) . More specifically, MT1-MMP and MMP2 have been found in aggressive tumors, with MMP2 localized at the tumor-stroma interface (65, 116) . Formation of microtracks by tumor cells and tumor-associated fibroblasts migrating inside in vitro 3D matrices has been associated with MMP activity (44, 47, 151) . Interestingly, this ability of aggressive tumor cells and tumor-associated fibroblasts to use MMPs to form microtracks can enable the invasion of less aggressive cells, as evidenced by the use of cocultured spheroids embedded in collagen gels (21, 47) . However, some highly aggressive tumor cells can bypass the MMP requirement and have been shown to migrate inside ECMs of different densities by adopting an MMP-independent migration mode (117, 149) . Even when MMPs are inhibited, increasing the density of collagen gels effectively reduces migration of fibrosarcoma and carcinoma cells (20, 21, 150, 151) .
Experimentally, there is an inherent drawback to altering hydrogel density in generating a 3D ECM: an increase in density will result in an increase in gel stiffness and a decrease in pore size (20, 97) . Recent efforts to achieve independent control of these two parameters have proven invaluable in efforts to gather additional information on the regulating effects of ECM architecture on cell migration. Collagen gel pore size can be controlled using several different methods (20, 150) , including varying gel thickness or using colder temperatures to limit the polymerization rate. In each case, the result remains the same: larger pore size enables faster cell migration (20, 97, 150) . Alternatively, cross-linking agents, such as enzymatic glycation by ribose, can be used to increase collagen gel stiffness without affecting pore size (93). Levental and colleagues (81) showed that ErbB2-transformed MCF10A mammary cells required increased gel stiffness to invade 3D ECM. Therefore, one can assume that pore size acts as a physical barrier for migration, making it an important limiting factor, while stiffness has more of a positive modulating role.
Cell migration in heterogeneous 3D ECM. As described above, density and cross-linking are not the only features of the ECM architecture. Macromolecular organization also plays an important role in driving cell migration. Collagen reorganization and realignment at the tumor-stroma interface have provided a strong rationale for the study of contact guidance of 3D cell migration (110) . Several groups have developed methods to alter 3D ECM architecture by controlling fiber orientation within gels or by introducing matrix heterogeneities (14, 54, 96, 112, 113) . Experiments with highly invasive MDA-MB-231 breast carcinoma cells have demonstrated that these cells will invade farther inside collagen gels of a highly aligned than a random-orientation fibrous network (112) . Nested collagen matrices have proven a reliable method to introduce heterogeneities inside collagen gels (96, 97) , where compressed collagen gels containing cells are embedded within acellular uncompressed matrices. Surprisingly, fibroblasts' ability to invade the acellular gels was found to be independent of collagen density (96) . One parameter that could affect the invasion of these cells was the molecular composition of the 3D matrix: acellular collagen gels induced more extensive invasion than fibrin gels, while addition of fibronectin to either of these matrices increased cell invasion (96) . Interestingly, these matrices were normalized for gel stiffness or density, suggesting that the molecular composition of the ECM is a major determinant of cell invasion. Moreover, the mode of migration (collective vs. individual migration) is determined in part by the composition of the matrix (96) .
To recapitulate the spatial heterogeneities found in vivo, we pioneered a method to create a discrete 3D interface between two collagen gels without the use of gel compaction, therefore providing more control over the interface location and dimensions. Using this technique, we showed that highly invasive MDA-MB-231 cells can cross the collagen interface only toward a region of lower collagen density (14) . In the reverse case, the cells migrate preferentially along the plane of the interface without crossing between the two gels. Even MCF10A cells, which are normally nonmigratory inside a 3D collagen matrix, were found to migrate along the interface. Overall, these findings underscore the importance of ECM 3D architecture in driving tumor cell migration.
Cell migration in microfabricated confined spaces. ECM 3D architecture can create a physical barrier or provide contact guidance, depending on its structural features, raising an interesting question regarding how cells navigate the confined spaces of the stromal matrix. Several groups have adopted microfabrication techniques to create microchannel devices to mimic the spatial features within the tumor ECM, including the size of subnuclear pores or microtracks used by tumor cells (47, 151) . These devices have become popular tools to analyze tumor cell behavior within the confines of rigid polydimethylsiloxane (PDMS) or silicon channels (4, 88) . Through the use of tapered channels with defined physical spatial gradient junctions, we have shown that the ability of cells to permeate a spatially confined region depends on the steepness of the gradient and the cell type (89) . Aggressive MDA-MB-231 cells more readily squeeze through these highly restrictive channel gradients than do noninvasive cells. Moreover, MCF10A cells lose their ability to permeate when the spatial gradient increases, while no such reduction is observed with MDA-MB-231 cells (89) . It is interesting to note that the width of the channels alters cell migration in a biphasic way, with more restrictive portions of a channel resulting in significantly slower speed (70, 89, 131) . For channels of similar size, tumor cells of different lineage have marked differences in cell speed (70) . As the channel cross section is increased, such that its size becomes wider than the cell body, cell migration becomes more random and less persistent, which results in slower migration (4, 70) .
One consistent observation in these channels is that the cytoskeleton deforms as the cell proceeds through the confined space. It is therefore not surprising that altering the stability of the actin and MT network generally impairs cell migration in most channel sizes (4, 88) . Cell migration is associated with actomyosin contractility, and its inhibition prevents migration inside restrictive channels that are Ն6 m (4). For 3-m channels, actin contractility inhibition or actin network destabilization can prevent cells from entering the channel, but once inside, only actin disruption affects migration across the channel (4). Interestingly, recent data suggest that altering MTs alone may limit cell migration inside the 3-m channel and greatly increase the number of times the cells change direction in the microchannel, suggesting that MTs are important for cell guidance (4). Using a similar approach, Rolli and colleagues (115) showed that sphingosylphosphorylcholine (SPC)-induced perinuclear collapse and reorganization of keratin IFs decrease the cell's ability to penetrate 7-m channels. However, those SPC-treated cells that are able to enter the channels are less likely to stop migrating or change direction, and more cells migrate through the device (115). SPC did not affect cell speed inside the channel, whereas it increased cell speed on a 2D planar surface. In addition, cells migrating inside microchannels present an intracellular distribution of keratin IFs that appears to be predominantly facing the front of the cell. Using a micropillar-based assay to create 3D features within the cell migration path, Booth-Gauthier et al. (9) showed that lamin overexpression hinders fibroblastic cell movement through a network of PDMS pillars. In that case, migration speed and traction forces are reduced by overexpression of lamins. Although this work was not done with cancer cells, the ubiquitous nature of lamins suggests that these experiments and results are highly relevant for tumor biology.
One concern in most studies using microfabricated channels is the absolute stiffness of the devices, given that ECM stiffness is known to affect 3D cell migration and invasion (81, 93) . Therefore, to better reflect the compliant nature of tissues, Pathak and Kumar (105) and Kraning-Rush et al. (78) substituted the PDMS for polyacrylamide or collagen fibrous gels. The compliance of these two materials can be limiting, since they can potentially be subject to swelling and buckling (23), which in turn may limit the smallest attainable feature size, making comparison with highly restrictive PDMS-based channels difficult. Nevertheless, feature sizes that are representative of the cellular length scale and actual reported width of microtracks can be achieved (47, 78, 151 ). An interesting observation reported by Pathak and Kraning-Rush and their colleagues with MCF10A and MDA-MB-231 cells, respectively, was increased migration speed and directional persistence of cells within channels compared with cell migration on 2D planar surface or inside 3D collagen gels. Microtrackmediated cell migration inside collagen gels was independent of MMP activity (68, 78) . Furthermore, it was shown that both stiffness and confinement affect actomyosin alignment in polyacrylamide channels (105) . In support of those observations, inhibition of myosin activity by blebbistatin rendered cells less sensitive to confinement (105) . Conversely, the effects of oncogene expression on cell sensitivity to confinement are much more pronounced on stiffer substrates (106) , indicating that transforming potential and stiffness of the channels are important factors that regulate cell migration in confined spaces. Interestingly, the Rho GTPase Rac1 was found to be required for MCF10A cell motility for all stiffness and confinement spaces (106) , further implicating actin dynamics in topographical feature-driven cell migration. This specific finding is particularly relevant in light of recent studies on the follow-the-leader invasion of tumor cells, where RhoA and MMP activation in leader cells is required to allow follower cell invasion along the microtracks left in the wake of leader cells (21, 47) , suggesting the existence of two different migration mechanisms, depending on whether the cell is a leader or a follower. In addition, follower melanoma cells require Cdc42 activation to invade in the presence of microtracks (47), indicating that proteins from the Rho GTPase family have very distinct roles in promotion of 3D migration. Overall, these results point to an important contribution of proteins regulating actin dynamics in driving migration inside 3D confined space.
Role of Mechanosensing Machinery
Cellular mechanosensing appears to be regulated by several interlinked factors that converge on integrin-mediated FAs and the ability of cells to actively probe their surroundings. Integrin-mediated cell adhesions provide a mechanical linkage between the ECM and the cytoskeleton and a signaling platform, coupling the cell "sensing" and "responding" mechanisms (see Refs. 18, 51, and 66 for reviews). In addition, the interplay between mechanosensory proteins and cell contractility enables the cell to actively probe the ECM (51, 108) . Not surprisingly, several of these mechanosensors are FA proteins and have been found to be involved in durotaxis and the contact guidance process in 2D (28, 35, 36, 48, 119, 141, 144) . Remarkably, the modulating role of some of these FA proteins, such as p130Cas and zyxin, in 3D cell migration is the opposite of their known role in 2D (41) . A debate has emerged concerning the formation and structure of FAs in 3D (59), but there is accumulating evidence that FA domains exist in 3D (14, 80) . Increasing the density of collagen gels leads to greater activation of FA kinase (FAK) and Src in tumor cells (111) . Similarly, increased stiffness induced by lysyl oxidase or ribose cross-linking of collagen promotes integrin clustering, increased FAK activation, and phosphoinositide 3-kinase signaling in vitro and in vivo (81) . Moreover, FAK and zyxin downregulation has been shown to result in greater ECM remodeling (41) . In addition, the 3D tumor microenvironment contains regions of low-and high-density matrices that can present 2D-like interfaces to migrating cells, which may trigger a response from FA-sensing mechanisms (Fig. 2) . We recently discovered that the presence of a collagen interface stimulates cell elongation along the plane of the interface, and FAs with activated FAK can be readily identified on the interface (14) . Cells migrate primarily along the interface plane (14) . Work by others suggests that contact guidance causes directional migration by controlling cell polarity (109, 121) . Interestingly, Raab and colleagues (113), using mesenchymal stem cells seeded on polyacrylamide gels acting as a tunable interface with a collagen overlay, where cells were more likely to migrate into the collagen gel when starting on a soft polyacrylamide gel than on a stiff gel, obtained similar findings. They also reported that directional migration is dependent on myosin contractility. Overall, these data suggest that the bidirectional relationship between the ECM, FA proteins, and cell contractility in 2D is also present in 3D.
Actin dynamics/contractility and cell adhesion are highly interdependent (66, 136) , and altered actin dynamics perturb cell adhesion to the ECM and mechanosensing (13, (101) (102) (103) . Changes in actin dynamics are also associated with tumorigenesis (42, 72) . Several oncogenes and tumor suppressors, such as Src family kinases, phosphatase and tensin homolog, and phosphoinositide 3-kinase, are direct actin regulators (42, 66) . For example, c-Src is upstream of Rho GTPases and myosin light chain kinase, which regulate actin dynamics and contractility (66) . Other oncogenes can have a more indirect effect, such as Ras, which can lead to increased ␤ 1 -, ␣ 5 -, and ␣ 6 -integrin expression (92) . Indeed, expression levels of ␣ 5 ␤ 1 -integrins correlate with 3D migration of MDA-MB-231 cells (24, 95) . However, different cell types using the same integrin dimers to bind to a given ECM substrate exhibit different cell spreading, migration, actin organization, and traction force (12, 24, 34, 36, 77, 102) , raising the question: how do these differences arise if they use the same FA-sensing machinery?
Intermediate Filaments as Regulators of Tumor Cell Mechanosensing
IFs are largely understudied compared with other cytoskeletal components, in part due to their relative static nature compared with actin and MTs. As described above, IFs have been widely used as molecular markers to establish tumor cell origin and establish prognosis (73) . Notably, gain in K8 expression in squamous cell carcinoma, melanoma, and some breast-derived tumors is seen as a negative prognostic, while it is seen as positive in other types of carcinomas (73, 100) . Expression of vimentin in carcinomas is indicative of epithelial-to-mesenchymal transition and a highly invasive cell type (94) . While IFs impart mechanical resilience to the cell (30, 91, 140) , recent evidence suggests that they have several other important biological functions (for extensive review, see Refs. 22, 31, and 99). Specifically, keratin and vimentin IF expression can modulate cell signaling by acting as a scaffolding Fig. 2 . A migrating cell relies on the coordinated effort of the cytoskeleton for its mechanosensing ability in a 3D matrix. A migrating cell utilizes the polarizing features of the MT network while also relying on IF assembly and localization at the leading edge to initiate integrin binding (A). When the migrating cell reaches a stiffened interface (arrow), it has the potential to initiate localized integrin binding sites, as well as formation of stress fibers and nuclear deformation, changing the overall cell morphology to a spread shape (B).
network for adaptor and signaling proteins (12, 52, 79, 85) . It is widely accepted that IFs regulate different cell functions, including cell migration (1, 7, 12, 16, 143) , cell surface receptor activation and trafficking (53) , and actin network organization and contractility control (2, 13, 132) .
Some evidence indicates that IFs are involved in mechanosensing at FAs. The K8-K18 pair is a modulator of FAK activation after integrins bind to the ECM in hepatoma cells (12) . These same cells are unable to adequately sense differences in 2D substrate stiffness if they lack the K8-K18 IF pair (13) . In addition, the actin stress fiber network in these K8-K18 IF-lacking cells is fragmented, and local stiffness measured at FAs is perturbed (11, 13) . These observations are most likely related to altered RhoA-mediated actin dynamics and contractility in the absence of K8-K18 IFs (13) . Actin network fragmentation or alteration has also been reported in other cell types following changes in K8 expression (130) . Furthermore, some recent studies have revealed that K8 can interact and modulate the action of the actin-bundling proteins ezrin (52, 139) and fascin (2) . Whether modulation of mechanosensing by K8 extends to other IFs remains to be seen. In terms of 3D migration, recent work by Fortier et al. (40) demonstrated that loss of K8 in carcinomas results in increased invasion through Matrigel-coated Transwell inserts, along with higher MMP expression. Finally, K19, which is the other possible partner of K8, has been reported to form a complex with cytoplasmic tissue transglutaminase (tTG) and Src (82) . tTG is often overexpressed in breast cancer cells and possesses GTPase activity and acyl transferase activity (3, 25) . Moreover, tTG acyl transferase activity is also known to cross-link the ECM (129) . Remarkably, inhibition of tTG acyl transferase activity prevents its association with K19, while K19 silencing prevents its binding to Src (82) . These findings suggest that keratin IFs may be prime candidates to modulate cell mechanosensing of 3D topography and cell migration in 3D confined spaces (Fig. 2) .
Not surprisingly, vimentin expression in aggressive carcinoma is associated with a number of changes associated with epithelial-mesenchymal transition, including loss of cell-cell contact and increased migration (27, 94) . Involvement of vimentin in cell migration takes several forms. Ivaska et al. (71) showed that recycling of endocytosed integrins to the plasma membrane is regulated by PKC phosphorylation of vimentin. Part of this process has been shown to be related to vimentin association with the actin cross-linking protein filamin (76) . Such close association of vimentin with actin accessory proteins indicates that it may possess an actin dynamic regulatory capacity akin to keratins. Indeed, Helfand et al. (60) showed that local disruption of the vimentin network in fibroblasts induces spontaneous formation of Rac-driven lamellipodia. Furthermore, vimentin-knockout fibroblasts generate less traction and have smaller vinculin-positive FAs (5). However, it remains to be seen if these findings related to vimentin regulation of actin dynamics are also relevant to cancer cells and in 3D ECM. One recent study provides some insight into the role of vimentin in cancer cells by showing in MDA-MB-231 cells that invadopodia elongation and maturation, but not formation, require vimentin and MTs and that keratin is localized in mature invadopodia (123) . Overall, given the expression patterns of IFs in carcinomas and previous reports suggesting an additive effect of vimentin-keratin coexpression on cell migration and invasion (26, 61) , cooperation between both IF types could further affect mechanosensing.
Lamin IF expression is often deregulated in tumor cells, and the relation between lamins, nuclear shape, and nucleus viscoelastic properties has important consequences for tumor cell metastasis. Lamin IFs have been identified as potential malignant biomarkers in several cancers for their differential expression and localization patterns in tumor tissue specimens (19) . While we lack information on the functional role of lamin expression in tumor cell migration, recent studies involving patient cells expressing the Hutchinson-Gilford progeria syndrome phenotype, a mutation of lamin A/C IFs that stiffens the nucleoskeleton, determined that a stiffened nucleus poses a significant barrier to migration in a 3D environment (9) . These lamin defects are also known to affect fibroblast migration in 2D and 3D space (9, 150) , suggesting that lamins play a crucial role in regulating migration. Bussolati et al. (17) showed that lamin B IF mislocalization inside the nucleus leads to nucleoskeletal invaginations that correlate with aggressive metastasis to lymph nodes and poor patient outcome. While alterations in lamin expression may contribute to nuclear deformability during migration, it has also been suggested that lamins play a mechanosensory role through their anchorage to cytoplasmic cytoskeletal components through the LINC complex (33) . Other lamin-anchored nucleoproteins have also been shown to exhibit differential expression in tumor samples with connections to poor prognosis (84) . While cells with lamin defects do not present apparent differences in actin organization (135) , it has been shown recently that actin dynamics are directly affected by lamin expression in fibroblasts (63) , suggesting a functional role for lamins. Therefore, it is likely that lamin IF expression or mutations play a significant role in regulating mechanosensing features in cancer cells, most likely through their control over nucleoskeletal dynamics, as well as their connections to the cytoplasmic cytoskeleton via the LINC complex.
Future Directions and Conclusions
An ongoing challenge is translation of these findings in vivo. Typically, tumor progression in common animal models is followed macroscopically by using bioluminescence imaging, X-ray microtomography, or magnetic resonance imaging (87, 153) . These techniques do not provide information on the microenvironment architecture, nor do they have the resolution to track single metastatic cells. Recent advances in intravital imaging may provide ways to validate in vitro 3D migration data and molecular findings using current solid tumor animal models, including subcutaneous or mammary fat pad injection of tumor cells. Such imaging techniques have been successfully used to track single cells in vivo (50, 107, 145) . Multiphoton imaging can provide structural information on in vivo collagen fibers through second harmonic generation and maintain the ability to track tumor cells or perform photoactivation (50, 55, 145, 152) . In that context, further exploration of the role of microtracks in tumor cell dissemination in vivo is now possible. While more work needs to be done to identify relevant tumor-associated mechanosensor drug targets, these imaging advances will enable first-hand assessment of their validity in in vivo and 3D in vitro systems.
Another promising approach to studying cell behavior in 3D microenvironments relies on the use of artificial constructs of polymer hydrogels coupled to cell adhesion ECM domains. These constructs will likely offer an alternative to native ECM scaffolds to form homogeneous and heterogeneous scaffolds. Several groups have developed ways to control parameters such as stiffness, spatial organization and architecture, ECM binding sites, and MMP cleavage site availability (64, 98, 118, 126) . Initial assessment of cell migration in those scaffolds looks promising, even providing information regarding the dependence of tumor cells on ligand availability in 3D (64) . However, we are still a long way from recreating all the complexity of the native ECM, and because of the expertise required to create these scaffolds, their use in exploring tumor cell invasion will probably not become mainstream. Nevertheless, techniques developed to engineer these artificial scaffolds may ultimately enable better understanding and control of the physical parameters of the native ECM scaffold.
Overall, recent work has revealed that ECM topographic features in 3D space can alter cell migration. At the same time, these studies have added to our understanding of the importance of the cytoskeletal network in migration processes. More importantly, we are starting to unravel the mechanisms regulating cell migration in 3D, where FA proteins appear to again take the center stage to allow the cell to sense topographic cues provided by the ECM. Moreover, it is becoming apparent that some proteins, notably IFs, can modulate FA-mediated mechanosensing and signaling, which may affect cell tensional balance and migration. Several of the mechanisms regulating tumor-related FA-mediated mechanosensing remain to be fully tested and validated in 3D systems to correctly identify intermediary effector proteins. More in-depth exploration of that avenue may lead to identification of better prognostic markers, as well as new therapeutic targets that prevent cancer cell metastasis, by exploiting inherent cytoskeletal and scaffolding protein changes following transformation.
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